Hydrocyclones use centrifugal fields to promote the separation of a disperse phase from a continuous phase. Hydrocyclones have advantages in comparison with others separation devices due to their low cost of manufacturing, installation, maintenance, and simple operation. The purpose of this work was to develop a hydrocyclone for water treatment of refinery streams with an oil mass fraction of 1%. CFD simulations of hydrocyclones were carried out using a rotatable central composite design with response surface methodology to determine the values of overflow and underflow diameters that would produce a high separation efficiency and low split ratio. The results show that the best values are 10 mm for overflow and 15 mm for underflow, resulting in a split ratio of 13.1 and an oil separation efficiency of 72% for a 25 μm oil drop size.
INTRODUCTION
The increasing water pollution is a global concern, considering that water is an increasingly scarce and vital resource. Therefore, it is important to improve technologies for the treatment of effluents by disposing off and recycling water.
The hydrocyclone presents advantages in comparison to others separation equipments. Among them, it may be pointed out the versatility in applications, no moving parts, reduced size in comparison to other separators, high capacity, simple operation, and low costs of manufacturing, installation, and maintenance (Svarovsky, 2000) . Operating costs are also low since hydrocyclones work at relatively low pressure drops.
Bai (2009)
reported an experimental study of the flow in a hydrocyclone to separate water from oil. He applied the velocimetry technique using two laser Doppler components to measure axial velocity, tangential velocity and velocity fluctuations in a hydrocyclone with 35 mm diameter. He observed that velocity fluctuations were larger near both the center and the wall. This study was useful to understand the separation mechanism of oil removal in a hydrocyclone.
The purpose of this work is to develop a hydrocyclone for separating oil present in oily waters of typical refinery streams using computational fluid dynamics (CFD).
To analyze the performance of the hydrocyclone, three variables were obtained, the water flow ratio (Eq. 1), the grade efficiency G (Eq. 2), and the reduced grade efficiency G' (Eq. 3).
(1)
Where is the water mass flowrate at the overflow, is the water mass flowrate at the feed stream, is the oil mass flowrate at the overflow, and is the oil mass flow at the feed stream.
Delgadillo and Rajamani (2007)
proposed some modifications to the classical hydrocyclone geometric proportions aiming at increasing separation efficiency. Further, the authors used CFD to explore alternative geometries. They used the Large Eddy Simulation (LES) as turbulence model and the Lagrangian method for particle tracking. They explored six different geometries and compared them to a standard geometry. At last, they verified that the two of the geometries used had a superior performance than the standard geometry, being candidates for experimental validation. In a previous study, Freitas (2009) used a reduced factorial experimental design to analyze the influence of geometric parameters of a deoiling hydrocyclone in the split ratio and reduced particle size separation efficiency. The parameters analyzed were diameter of the cylinder section, overflow diameter, underflow diameter, inlet height, vortex finder length, and the length of the conical region (Freitas et al., 2009). They found that the variables with statistical significance regarding separation efficiency were overflow and underflow diameters. These two were the factors evaluated on the experimental design for this work.
MATERIALS AND METHODS
The hydrocyclone geometry used in this work is shown in Figure 1 and geometry data are reported in Table 1 .
An experimental design (rotatable central composite design with response surface methodology) was used to evaluate the influence of the overflow and underflow diameters (Do and Du, respectively) on the hydrocyclone performance resulting in nine CFD simulations. Table 2 shows the values of Do and Du used in the simulations. The responses were grade efficiency (G) and water flow ratio (R w ).
The experimental design must have between 3 and 5 central points (Calado & Montgomery, 2003) . But simulated values with the same parameters always give the same results, so table 2 shows only one value for the central points.
The geometries of the simulated hydrocyclones were built using the software Design Modeler from Ansys. To generate the hexahedral mesh, the software Icem CFD, also from Ansys, was employed. An independent mesh test was carried out and a mesh with approximately 800,000 nodes was found to be ideal to simulate these hydrocyclones (Figure 2 ). 
Geometric Variable
Dimensions ( Initially, simulations used an oil drop size of 100 μm, but almost all geometries presented high efficiency making it difficult to compare them. Therefore, the oil drop size was reduced to 25 μm, which was used in all simulations.
The total time of the simulations was based on the residence time of the fluids in the equipment, which was 0.35s. It was expected that pressure, efficiency, and water flow ratio would become constant when simulation time reached the triple of the residence time (1.05s). In this study it happened close to this time, and the total simulated time was set to 1.13s. The time step used was 10 
(3)
Where Co is the Courant number, u is the fluid speed, is the timestep, and is the mesh size. , and velocity was accompanied at the overflow to verify that the steady state was reached. In some simulations this happened at approximately 1.05 seconds (three times the residence time), so, to be conservative, the simulations were interrupted when all these criteria were accomplished and the total time of 1.13 s was achieved.
RESULTS
The responses of the factors analyzed on the experimental design are shown in Table 4 .
Based on the results shown in Table 3 
Where Du and Do are in millimeters. Desirability functions were used to find the values of Do and Du that maximize G and minimize R w simultaneously. To use these functions, first, it is necessary to specify a desirability score, where 0 is very undesirable and 1 is very desirable. The individual desirability scores for the predicted values for each dependent variable are then combined by computing their geometric mean (StatSoft, 2013). On this work, the desirability score for the variable G was set 0 for 0% and 1 for 100% and the desirability score for the variable R w was set 1 for 0% and 0 for 100%. Figure 5 shows the results of the desirability functions for grade efficiency and water flow ratio. The values of Do and Du that maximize G and minimize R w are 10 mm and 15mm, respectively. These are the values of the central point of the experimental design and they produce a grade efficiency of 72% for a 25 μm oil drop size and a 13% water flow ratio, which results in a reduced grade efficiency of 68% for this drop size.
Figures 6 and 7 show manometric pressure and volume fraction profiles for simulation 9. As expected by Thew and Nezhati, (1987), on the area near the wall the pressure is higher than at the central area of the equipment. For volume fraction, the less dense fluid concentrates at the center of the hydrocyclone and exits at the overflow, the more dense fluid is, otherwise it concentrates at the area near the wall and exit at the underflow.
CONCLUSIONS
In this work, simulations using a rotatable central composite design with response surface methodology for CFD simulations were carried out seeking to improve hydrocyclone geometry for oil/water separation.
The results show that, by increasing the value of overflow diameter, the values of grade efficiency and water flow ratio increase. Also, by increasing underflow diameter, grade efficiency and water flow ratio decrease.
For the hydrocyclone studied, the best values for overflow diameter and underflow diameter were 10 and 15 mm, respectively, which produced a 13% water flow ratio, and a grade efficiency of 72% for a 25 μm oil drop size.
